We establish the double perovskite Ba2CeIrO6 as a nearly ideal model system for j = 1/2 moments, with resonant inelastic x-ray scattering indicating a deviation of less than 1 % from the ideally cubic j = 1/2 state. The local j = 1/2 moments form an fcc lattice and are found to order antiferromagnetically at TN = 14 K, more than an order of magnitude below the Curie-Weiss temperature. Model calculations show that the geometric frustration of the fcc Heisenberg antiferromagnet is further enhanced by a next-nearest neighbor exchange, indicated by ab initio theory. Magnetic order is driven by a bond-directional Kitaev exchange and by local distortions via a strong magneto-elastic effect -both effects are typically not expected for j = 1/2 compounds making Ba2CeIrO6 a riveting example for the rich physics of spin-orbit entangled Mott insulators. arXiv:1901.06215v1 [cond-mat.str-el] 
Spin-orbit entangled Mott insulators stand out in the growing family of quantum materials with strong spin-orbit coupling for their correlation-driven phenomena [1] . Of particular interest are materials with partially filled 4d and 5d orbitals, such as the iridates, in which the formation of local j = 1/2 moments is an iridescent source of rich physics [2] . The spin-orbit entangled wavefunction of these Kramers doublets gives rise to fundamentally different types of exchange interactions depending on the geometric arrangement of the elementary octahedral IrO 6 building blocks [3] [4] [5] . Cornersharing octahedra yield isotropic Heisenberg exchange, which has been explored as a potential source of spin-orbit assisted superconductivity [6] [7] [8] [9] [10] in the context of Sr 2 IrO 4 [11, 12] , an isostructural analogue of the high-T c parent compound La 2 CuO 4 . Edge-sharing octahedra, in contrast, give rise to Kitaev-type bond-directional exchange, which has initiated an intense search for spin-orbit driven frustrated quantum magnetism in so-called Kitaev materials [13] such as the honeycomb iridates Na 2 IrO 3 , α-Li 2 IrO 3 , and H 3 LiIr 2 O 6 [14] [15] [16] and the related RuCl 3 [17] . Possibly the most spectacular experimental result in this realm is the recent claim of a quantized thermal Hall effect in RuCl 3 [18] , a direct signature of the long sought-after Kitaev spin liquid [19] .
The j = 1/2 wavefunction does not show orbital degeneracy and hence it is not Jahn-Teller active. Commonly, this is interpreted as a protection of j = 1/2 physics against lattice distortions, and small deviations from cubic symmetry with the concomitant change of the wavefunction are typically neglected. In this manuscript, we challenge this point of view. We first demonstrate that the double perovskite Ba 2 CeIrO 6 is the hitherto best realization of a j = 1/2 Mott insulator, forming a model system for frustrated quantum magnetism on the fcc lattice. The system shows a particularly high degree of frustration, since the geometric frustration of nearest-neighbor Heisenberg exchange on the fcc lattice is augmented by nextnearest-neighbor Heisenberg coupling. However, a Kitaevtype bond-directional exchange is found to counteract this geometric frustration and turns out to be instrumental in stabilizing long-range magnetic order -in contrast to the common wisdom that Kitaev interactions in j = 1/2 compounds enhance frustration and induce spin liquid physics. Moreover, even small deviations from the j = 1/2 wavefunction, associated with small lattice distortions, have a massive impact on the exchange constants, as illustrated in Fig. 1c ), effectively lifting the strong magnetic frustration. This dramatic magneto-elastic coupling is of general importance in the quest for exotic spin liquids based on j = 1/2 compounds.
In the following, we address the growth of single crystals, the structure determination by x-ray diffraction, and the mag- netic susceptibility. The latter shows an antiferromagnetic ordering temperature T N = 14 K which is suppressed by more than an order of magnitude compared to the Curie-Weiss temperature |Θ CW | ∼ 200 K, resulting in a large frustration parameter f = |Θ CW |/T N > 13. A ground-state wavefunction deviating by less than 1 % from the ideal cubic j = 1/2 state is revealed by resonant inelastic x-ray scattering (RIXS). Employing a combination of density functional theory and microscopic model simulations, we address the minimal model for Ba 2 CeIrO 6 , its phase diagram, the behavior of the frustration parameter, and finally the strong magneto-elastic effect. Synthesis and structure.-Single crystals of Ba 2 CeIrO 6 of about 1 mm 3 size were grown by melt solution growth (see Supplemental Material [20] ). X-ray diffraction shows a well ordered double perovskite with perfect Ce-Ir order, illustrated in Fig. 1a , which can be explained by the notably different bond lengths of 2.20Å for Ce-O and 2.04Å for Ir-O. For 5d 5 Ir 4+ , the formation of ideal j = 1/2 moments requires a cubic crystal field. Thus far, deviations from cubic symmetry were reported for all 5d 5 iridate compounds [2, 13] . The close to ideal tolerance factor of t = 0.991 of Ba 2 CeIrO 6 promisingly points towards a cubic structure. Our powder diffraction peaks are perfectly described in the cubic space group F m3m with a lattice constant of 8.47Å at 300 K. However, we find a clear broadening of Bragg peaks in particular for large diffraction angles 2θ > 80 • . Such broadened Bragg peaks may explain a previous claim of tiny (< 0.2 %) monoclinic distortions of the metric in polycrystalline Ba 2 CeIrO 6 [21] . Note that the issue of cubic or non-cubic symmetry is often discussed controversially in double perovskites, for instance for the closely related Ba 2 PrIrO 6 [21, 22] . To resolve this issue, we collected single-crystal x-ray diffraction data (see Supplemental Material [20] ). Our results strongly support a cubic structure of Ba 2 CeIrO 6 , both at 300 K and 100 K. However, the atomic displacement parameters [20] provide evidence for local distortions since they are (i) larger than expected for a purely dynamical displacement, (ii) very similar at 300 K and 100 K, and (iii) similar for the heavy Ba ions and the lighter O ions. Fits with reduced symmetry do not yield significant improvement. However, a split model in which the Ba ions are statistically distributed over sites displaced by δ Ba against the cubic position results in δ Ba = 0.13(1)Å and 0.14(2)Å at 300 K and 100 K, respectively. The statistical character may be related to the existence of a few % of vacancies on the Ir sites [20] . We conclude that Ba 2 CeIrO 6 is cubic on average but exhibits small local distortions with negligibly short correlation length. Magnetic susceptibility.-To explore the magnetism of the local moments in Ba 2 CeIrO 6 we measured the magnetic susceptibility χ(T ), see Fig. 2 . The high-temperature behavior of χ(T ) essentially follows a Curie-Weiss behavior from 300 K down to about T N = 14 K, where a distinct drop in χ(T ) signals antiferromagnetic ordering. For the quantitative analysis we use
where N A and k B denote Avogadro's and Boltzmann's constant, respectively, Θ CW is the Curie-Weiss temperature, and the constant χ 0 = χ dia + χ vV represents core diamagnetism χ dia −1.7 · 10 −4 emu/mol and van Vleck paramagnetism χ vV > 0, which are expected to be of the same order of magnitude [23] . Assuming χ 0 = 1.2 · 10 −4 emu/mol, we find Curie-Weiss behavior down to T N , see inset of Fig. 2 , with µ eff = 1.41 µ B and Θ CW = −184 K. To estimate the reliability of these values, we compare with a fit assuming χ 0 = 0, which shows Curie-Weiss behavior above about 120 K (blue line in Fig. 2 ), µ eff = 1.69 µ B and Θ CW = −263 K. Thus, both fits result in an effective magnetic moment that is moderately reduced from µ eff = 1.73 µ B expected for j = 1/2 moments in an ideal cubic crystal field [24] and indicate substantial frustration with a frustration parameter f = |Θ CW | /T N > 13. RIXS.-Ba 2 CeIrO 6 indeed realizes nearly ideal local j = 1/2 moments, which can be inferred from our RIXS results. In cubic symmetry, a single 5d 5 Ir 4+ site with a t 5 2g configuration is expected to show a local j = 1/2 ground state and a j = 3/2 excited state, the so-called spin-orbit exciton, at 1.5 λ with λ = 0.4-0.5 eV. The effect of a non-cubic crystal field is described by the single-site Hamiltonian
which shows a crystal-field splitting of the j = 3/2 quartet and a mixing of j = 1/2 and 3/2 wavefunctions in the ground state, [5] we can readily infer the ground state wavefunction by measuring ∆ CF . To do so, we performed RIXS measurements at the Ir L 3 edge, the most sensitive probe for the corresponding intra-t 2g excitations. For ∆ CF /λ 1, the experimentally observed peak splitting amounts to ∆ exp = 2 3 ∆ CF . Thus far, all experimental results on the spin-orbit exciton in iridates show a finite non-cubic crystal-field splitting [2, 13, [25] [26] [27] [28] [29] . The smallest values ∆ exp = 0.11-0.14 eV were reported for Rb 2 IrF 6 , Na 2 IrO 3 , and Sr 2 IrO 4 [25] [26] [27] . In Rb 2 IrF 6 , F-Ir-F bond angles vary from 87 • to 93 • [27] , while Sr 2 IrO 4 shows distorted IrO 6 octahedra with Ir-O bond lengths of 1.98-2.06Å and Ir-O-Ir bond angles of 157 • [30] . Despite the substantial distortions, these compounds are widely accepted as realizations of the j = 1/2 scenario. In contrast, strong deviations from the j = 1/2 model are reported for Sr 3 CuIrO 6 and CaIrO 3 with ∆ exp = 0.23 eV and 0.6 eV, respectively [28, 29] .
For Ba 2 CeIrO 6 , we measured RIXS data on a polished (0 0 1) surface at the ID20 beamline at ESRF using an incident energy of 11.215 keV with an overall resolution of 25 meV [31, 32] . The incident photons were π polarized. Our data offer a textbook example of the spin-orbit exciton with two narrow RIXS peaks at about 0.61 eV and 0.71 eV, both at 10 K and at 300 K, see Fig. 3 . The observation of two peaks signals non-cubic local distortions in agreement with our analysis of the x-ray diffraction data. The observed splitting ∆ exp = 0.10 eV is the smallest splitting reported thus far in L edge RIXS for the spin-orbit exciton in iridates [25] [26] [27] [28] [29] .
The peak values of 0.61 eV and 0.71 eV allow for two different solutions of Eq. (2) with λ = 0.43 eV and ∆ CF = 0.17 eV or -0.15 eV, which correspond to elongation or compression, respectively. This results in a ground-state wavefunction
in the |j, j z basis for elongation, while for compression the FIG. 3. RIXS data of Ba2CeIrO6. a) RIXS peaks at 0.61 eV and 0.71 eV correspond to excitations to j = 3/2 states which are split by a non-cubic crystal field. Data at 300 K show a slightly enhanced peak width but the same splitting as at 10 K. b)-d) Dispersion along high-symmetry directions at 10 K. The dashed line denotes the peak energy at the Γ point, 0.61 eV. The largest dispersion is observed from Γ to L, i.e. along (h h h). All RIXS spectra were measured in the Brillouin zone around (0 0 10) to achieve a scattering angle 2θ close to 90 • which suppresses the contribution of the elastic line at zero energy loss. coefficients are 0.995 and 0.100, respectively. Note that both solutions deviate by less than 1 % from the ideal j = 1/2 case.
To probe the intersite hopping interactions, we have measured the dispersion via RIXS for q along different highsymmetry directions. Data along Γ-K and Γ-L paths reveal a finite dispersion of up to 15-20 meV, while peak energies are nearly independent of q along Γ-X, see the lower panels of Fig. 3 . The corresponding delocalization of the j = 3/2 excited state is a clear signature of microscopic hopping processes and intersite interactions that are closely related to the magnetic exchange interactions between localized j = 1/2 moments [26, 33] . The finite dispersion of the spin-orbit exciton of 15-20 meV thus points towards magnetic exchange interactions of comparable strength, in reasonable agreement with the Curie-Weiss temperature |Θ CW | ∼ 200 K ∼ 20 meV/k B . Microscopic Model.-A symmetry analysis [34] [35] [36] of exchange interactions on the undistorted fcc lattice shows that the most general nearest-neighbor spin Hamiltonian allows for Heisenberg coupling J 1 , Kitaev coupling K, and symmetric off-diagonal exchange Γ. We estimate the coupling constants using density functional theory (GGA+U+SOC) for different magnetic configurations and t/U perturbation theory for an effective tight-binding model (see Supplemental Material [20] ). Both approaches consistently yield an antiferromagnetic J 1 ≈ 5 − 7 meV and two subdominant couplings K ≈ J 2 ≈ 0.2 J 1 , where J 2 denotes a next-nearest neighbor Heisenberg coupling. We find that Γ/J 1 0.05 is negligible. The corresponding Curie-Weiss temperature Θ CW = −(3J 1 + K + 3J 2 /2) ≈ −200 K to −280 K agrees with the experimental χ(T ); see Fig. 2 . Note that we find an antiferromagnetic Kitaev coupling, in contrast to the ferromagnetic ones inferred for the honeycomb-based iridates and α-RuCl 3 [37] (see Supplemental Material [20] ).
To study the competition of geometric and exchange frustration, we explore the minimal microscopic model
where i, j γ denotes nearest-neighbor pairs in the plane perpendicular to axis γ (= x,y,z), i, j runs over next-nearestneighbor pairs, and the spin operators S refer to j = 1/2 moments. We have calculated its rich phase diagram using a pseudofermion functional renormalization group (pf-FRG) approach [38] . This numerical scheme combines elements from 1/S expansion [39] and 1/N expansion [40, 41] , allowing it to capture both magnetic order and spin-liquid ground states. There are four magnetically ordered phases, one of them showing incommensurate spiral order, see Fig. 4a ). These phases can be readily understood in the classical limit of model (4) via a Luttinger-Tisza approach [42, 43] , with the classical phase boundaries also indicated in Fig. 4a ). The quantum model additionally exhibits a spin-liquid phase with no magnetic order. Its origin is revealed by two points of special interest in the classical model, see white and black circles in Fig. 4a ): (i) J 2 = K = 0, the fcc nearest-neighbor Heisenberg antiferromagnet. It exhibits a degenerate manifold of coplanar spin spiral ground states [44] . The corresponding set of q vectors is shown in Fig. 4b ). (ii) J 2 = J 1 /2, K = 0, where three ordered phases meet in the classical model. This point features an even larger set of degenerate coplanar spin-spiral ground states, depicted by the surface of q vectors in Fig. 4c) . The presence of a considerable (but still subextensive) manifold of (nearly) degenerate low-energy states appears to give rise to an extended spin liquid regime in the quantum model, centered around the classical high-degeneracy point [45] .
To further investigate the interplay of geometric and exchange frustration, we calculate [46] the dimensionless frustration parameter f = |Θ CW |/T N , see Fig. 4d ), using estimates of Θ CW and T N obtained from fits of the magnetic susceptibility numerically obtained by FRG calculations. The frustration parameter diverges in the spin liquid regime due to the absence of finite-temperature order. Furthermore, f is particularly large along the phase boundary between the (1 1 2 0) and ( 1 2 1 2 1 2 ) phases, where both J 2 and K are substantial and antiferromagnetic. This boosts |Θ CW | while T N is small close to the phase boundary. Close to the spin-liquid regime for the parameter set estimated for Ba 2 CeIrO 6 (cf. star in Fig. 4d )), we also find large values of f . However, moving away from the spin-liquid regime the frustration is quickly reduced with increasing strength of the Kitaev coupling, i.e. in competition with the geometric frustration of the Heisenberg exchange the Kitaev coupling is found to induce magnetic order for the system at hand -in striking contrast to a number of j = 1/2 materials where the Kitaev coupling is primarily considered a source of frustration [2, 13] .
Distortions.-The strong frustration in Ba 2 CeIrO 6 boosts the importance of magneto-elastic coupling. We find theoretically that even small local distortions severely affect the exchange couplings, although the ground state wavefunction remains close to the j = 1/2 limit, see Eq. (3). A putative tetragonal distortion of strength ∆ CF gives rise to a strong spatial anisotropy, which can be rationalized as follows. Focusing, e.g., on the dominant contribution to exchange within the xy plane, we find J xy 1 to depend quadratically on the occupation probability of the xy orbital. Comparing cubic ∆ CF = 0 with the distorted case ∆ CF /λ ≈ 0.4 derived above, the xy occupation is strongly enhanced from 1/3 to 0.46 and as a result the nearest-neighbor Heisenberg exchange J xy 1 increases by about a factor of 2 -a dramatic magneto-elastic effect. In particular, ∆ CF > 0 strengthens (weakens) J 1 , J 2 , and K in the xy plane (yz and xz planes), while ∆ CF < 0 has the reverse effect. This strong spatial anisotropy of the couplings is sketched in Fig. 1c ). Note that a change of the xy occupation sin 2 θ has a much more pronounced effect on the exchange, J 1 ∝ sin 4 θ, than on the coefficient α = 1/3 sin θ + 2/3 1 − sin 2 θ of the | 1 2 , 1 2 contribution to the ground state wavefunction. The comparably small change of α indicates a small deviation from a cubic charge distribution and a concomitant small energy cost for lattice distortions, while the larger change of J 1 and in particular its spatial anisotropy yield a significant gain of magnetic energy, particularly in the presence of frustration. This result is corroborated by pf-FRG calculations for a modified Hamiltonian with a global tetragonal distortion and corresponding anisotropic coupling constants which indicate a strongly suppressed frustration parameter, see Supplemental Material [20] , and a potential change of magnetic order. This agrees with the small f 2 reported for the globally distorted monoclinic 5d 5 double perovskites La 2 ZnIrO 6 and La 2 MgIrO 6 [35] . However, this result for a global distortion is significantly smaller than the value of f > 13 measured in Ba 2 CeIrO 6 . This suggests that the statistical distribution of local distortions along different tetragonal axes, in contrast to a global distortion, is important in order to recover the experimentally observed large frustration.
The existence of a weak (but unavoidable) magneto-elastic effect was recently discussed for Sr 2 IrO 4 [47] . The strong effect of the magneto-elastic coupling in Ba 2 CeIrO 6 , however, is due to an additional mechanism arising from an interplay of distortions and magnetic frustration, which is not present in Sr 2 IrO 4 , but will be relevant, e.g., in tetragonal bilayer Sr 3 Ir 2 O 7 and in the 3D honeycomb iridates.
Conclusions.-The spin-orbit entangled j = 1/2 wavefunction has proved to be a versatile source for novel states of quantum matter. Its experimental realization in the double perovskite Ba 2 CeIrO 6 deviates less than 1 % from the ideal theoretical scenario for a cubic system and is the most pristine incarnation reported so far in the literature. Combining structural analysis, magnetic susceptibility measurements and RIXS with ab initio and functional renormalization group calculations for the obtained microscopic model Hamiltonian we find that the collective magnetism of this fcc compound is governed by a competition of geometrical frustration, Kitaev-type bonddirectional exchange, and magneto-elastic coupling. In striking contrast to the honeycomb-based Kitaev materials, the Kitaev exchange is antiferromagnetic and in fact stabilizes longrange magnetic order in proximity to a spin liquid phase. Importantly, the exchange couplings turn out to be highly sensitive to small deviations from cubic symmetry, giving rise to a dramatic magneto-elastic coupling. This should be contrasted with the common notion that j = 1/2 moments are not Jahn-Teller active, as the orbital degeneracy is lifted by spin-orbit coupling. The strong magneto-elastic coupling resurrects the prominent role of lattice distortions on the low-energy properties of j = 1/2 compounds. We have grown single crystals of Ba 2 CeIrO 6 by melt solution growth using BaCl 2 as melt solvent and BaCO 3 (Merck, p.a.), IrO 2 (Chempur, 99.9 %) and CeO 2 (Auer Remy, 99.9 %) as educts for the crystals. Due to the moderate solubility of metal oxides in halide melts [51] , a ratio flux/crystal of 15/1 was used to achieve sufficient dissolution of the oxides. The crucible was sealed with a lid to prevent evaporation of BaCl 2 from the melt solution. Within three weeks single crystals of about 1 mm 3 size were obtained. The black single crystals were separated from the flux by dissolving the flux in deionized water and analyzed by energy-dispersive x-ray scattering.
The Ir 4+ valence state is obvious from the RIXS spectra, cf. Fig. 3 , showing that also the Ce ions are tetravalent, as claimed before [21] based on the dependence of the lattice parameters on the ionic radius of the lanthanide ions Ln in Ba 2 LnIrO 6 . The Mott-insulating character of Ba 2 CeIrO 6 is demonstrated by the very low value of the optical conductivity in the midinfrared range, σ 1 (ω) ≈ 1 (Ωcm) −1 , see Fig. 5 . Using a Bruker IFS 66/v Fourier-transform infrared spectrometer, we measured the transmittance on a single crystal with a thickness of (30 ± 5) µm. The data are typical for insulating oxides. On the low-frequency side, the accessible frequency range is cut off by strong phonon absorption suppressing the transmittance. The steep edge in σ 1 (ω) at about 0.1 eV corresponds to the upper limit for single phonon absorption, while the weak features up to about 0.2 eV can be attributed to multi-phonon absorption. On the high-frequency side, the transmittance is suppressed by electron-hole excitations across the gap, giving rise to the increase of σ 1 (ω) above about 0.2 eV. non-cubic structure, neither at room temperature nor at 100 K. Plotting the distribution of the observed intensities divided by their error bars for all reflections that are not allowed in space group F m3m yields a Gaussian profile perfectly centered at zero. From this and the description of the powder diffraction pattern with the cubic lattice we must conclude that the average structure of Ba 2 CeIrO 6 is cubic.
A monoclinic structure has been reported in Ref. [21] but only basing on powder data and with an extremely small monoclinic distortion of the metric (a/b = 1.0016 [21] ) that can result from the broadening of Bragg peaks. Combining the typical rotation of octahedra in the GdFeO 3 structure type of a perovskite ABO 3 with the doubling of the unit cell in the double perovskite results in a monoclinic distortion, P 2 1 /c. One may examine the possible instability of Ba 2 CeIrO 6 by calculating the perovskite tolerance factor
with the ionic radii r i . For the hypothetic perovskites BaIrO 3 and BaCeO 3 this yields t=1.06 and 0.94 not indicating sizable bond-length mismatch. The same analysis for distorted Sr 2 CeIrO 6 yields t=0.90 and 0.80, respectively. Alternatively, one may consider the tolerance factor t dp for an ordered double perovskite A 2 BB O 6 with r B in Eq. (B1) to be replaced by (r B + r B )/2. A monoclinic structure is favored for t dp ≤ 0.96 while values close to 1 point towards a cubic structure [52] . For Ba 2 CeIrO 6 , one finds t dp = 0.991. However, we find evidence for a few % of vacancies on Ir sites and an unusual behavior of the thermal parameters. In the structure refinement, the site occupation and the thermal parameters are correlated. A closer inspection of the thermal parameters in table I shows that most of them are larger than expected for a purely dynamical displacement. The large values observed for O perpendicular to its bond at room temperature reflect the general instability of a perovskite against tilting. But the small difference in the room-temperature and 100 K displacement values in general indicates some local distortions. Moreover, a normal dynamical effect cannot explain the fact that the atomic displacement parameter of the heavy Ba is of the same magnitude (a root mean square displacement of the order of 0.1Å) as the one of the much lighter O. We tried to obtain a better description of the data in space TABLE I. Results of structure refinements with single-crystal X-ray data obtained at room temperature and 100 K. In space group F m3m Ba occupies an 8c site at (1/4,1/4,1/4), Ce a 4a site at (0,0,0), Ir a 4b site at (0,0,1/2), and O a 24e site at (x,0,0). Thermal parameters are given in 10 −5Å2 , and only the O parameters are anisotropic. The weighted R values for the intensities amount to 4.22 % and 3.96 % at 300 K and 100 K, respectively. The occupation of Ba and O was fixed. For the occupation of Ce and Ir we find 99.6% (99.1%) and 94.6% (95.0%) at 300 K (100 K), respectively, with an uncertainty of roughly 1%. groups with the same translation lattice but reduced symmetry but could not obtain a significant improvement. Instead a split model, in which the Ba is statistically distributed over sites slightly displaced against the (0.25,0.25,0.25) position results in a displacement of 0.13(1)Å and 0.14(2)Å at 300 K and 100 K, respectively, with weighted R values of 4.16 % and 3.74 % (with the Ba atomic displacement parameter fixed at 0.005 and 0.002Å 2 ).
